We describe a phase plate for transmission electron microscopy taking advantage of a hitherto-unknown phenomenon, namely a beam-induced Volta potential on the surface of a continuous thin film. The Volta potential is negative, indicating that it is not caused by beam-induced electrostatic charging. The film must be heated to ∼200°C to prevent contamination and enable the Volta potential effect. The phase shift is created "on the fly" by the central diffraction beam eliminating the need for precise phase plate alignment. Images acquired with the Volta phase plate (VPP) show higher contrast and unlike Zernike phase plate images no fringing artifacts. Following installation into the microscope, the VPP has an initial settling time of about a week after which the phase shift behavior becomes stable. The VPP has a long service life and has been used for more than 6 mo without noticeable degradation in performance. The mechanism underlying the VPP is the same as the one responsible for the degradation over time of the performance of thin-film Zernike phase plates, but in the VPP it is used in a constructive way. The exact physics and/or chemistry behind the process causing the Volta potential are not fully understood, but experimental evidence suggests that radiation-induced surface modification combined with a chemical equilibrium between the surface and residual gases in the vacuum play an important role.
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TEM | phase plate | Volta potential | phase contrast | cryo-EM R ecent years have shown a steadily growing interest in in-focus phase contrast devices for transmission electron microscopy (TEM). Such devices are commonly referred to as "phase plates." The "second wave" of phase plate research started more than 10 y ago and was motivated mainly by the challenges of biological TEM (1) . There are several types of phase plates depending on the design and the physical phenomenon being used: thin film (2), electrostatic (3, 4) , magnetic (5), laser (6) , "tulip" (7), etc. However, for practical reasons most of these device types are not yet usable for applications (8, 9) . The only phase plate that has demonstrated advantages in real-world cryo-EM applications is the thin-film Zernike phase plate (ZPP) (10, 11) .
The thin-film ZPP consists of a thin (∼20 nm) material film, typically amorphous carbon, with a small (∼1 μm) hole in the center (12) . The film thickness is selected such that it causes ∼π/2 phase shift for electrons passing through the film (1) . The phase plate is positioned at the back focal plane of the objective lens so that the central beam of unscattered electrons passes through the hole. There have been successful ZPP applications in singleparticle analysis (11, 13) , cryo-tomography (10, 13, 14) , and singleimage cryo-EM (15, 16) . However, the ZPP has a few limitations that affect its overall performance and ease of use. The main unsolved issue is the short life span of the phase plate (12) . Following installation into the TEM, its performance gradually deteriorates independent of its use. This behavior is commonly referred to as "aging" of the phase plate. The typical usable lifetime of a carbon film ZPP is about a week, after which it must be exchanged. Another problem is the hole of the phase plate. Its size is a subject of a compromise-a smaller hole provides better contrast for large-specimen features but is more difficult to align and maintain centered on the beam and vice versa. The sharp onset of the contrast transfer function (CTF) at the phase plate hole edge produces fringes around high-contrast features in the image (15, 17) . The fringing can be demodulated by software postprocessing, but the results are not perfect (17, 18) . Another open issue is the current lack of software and hardware support for automated data acquisition with the ZPP.
An ideal phase plate would have a central phase-shifting area with exactly the same size and position as the central diffraction beam. One possibility to realize that in practice is to use the beam itself for the creation of the phase-shifting area. In fact, beamgenerated phase plates have been proposed and tested (19) (20) (21) . Early attempts used beam-induced contamination and/or electrostatic charging on the surface of a material as the central phaseshifting zone. The results show a significant contrast increase for organic and inorganic samples. However, apart from the improved contrast, all previous reports share a common problem-CTF distortion due to electrostatic charging characterized by rapid oscillations near the Fourier space center (21, 22) . Such a CTF does not correspond to the theoretical phase-CTF model and cannot be easily fitted or corrected.
Here, we present a new type of beam-created phase plate that we call the Volta phase plate (VPP). The name was chosen in accordance with our hypothesis that a beam-induced Volta potential resulting from changes in the properties of the film is the main source of the phase shift. Unlike previously reported beamcreated phase plates, the VPP does not suffer from CTF deformations and it does not change its properties over time.
Results and Discussion
Heated Amorphous Carbon Films Show an Unusual Beam-Induced Phase Shift Behavior. To test the performance of various materials for the preparation of ZPPs, we developed the beam-induced Significance Biological electron cryomicroscopy is limited by the radiation sensitivity of the samples and the consequent need to minimize exposure to the beam. This, in turn, results in low-contrast images with a poor signal-to-noise ratio. The current practice to improve phase contrast by defocusing results in contrast transfer functions necessitating image restoration to provide interpretable data. Phase plates enable in-focus phase contrast, but the existing ones, including the thin film Zernike-type phase plate, suffer from severe limitations, such as a short usable life span, fringing artifacts, and problems in using them in automated data acquisition procedures. The Volta phase plate presented here solves those problems and has the potential to become a practical solution for in-focus phase contrast in transmission electron microscopy.
phase shift (BIPS) method (Materials and Methods). It measures the phase shift experienced by the central diffraction beam when a continuous film of the material is placed at the back-focal plane of the objective lens. The resulting phase shift vs. dose curve is a quantitative measure of the stability of the film to electron beam irradiation. During testing of heated amorphous carbon films with the BIPS method, we noticed a rather peculiar behavior. Fig. 1A shows BIPS curves for a 12-nm amorphous carbon film. Movie S1 shows the typical evolution of the CTF during a BIPS series. Both the curves in Fig. 1A and Movie S1 indicate that, after the film has been in the microscope for more than a few days, the central beam experiences a phase advance relative to the scattered beams. This result is opposite in sign to what would be expected if beam-induced electrostatic charging would cause it. Beam irradiation produces positive charges on nonconducting surfaces (21, 22) , which leads to phase retardation (22) . The phase advance observed here means that the irradiated area has a negative potential, which cannot be a result of beaminduced electrostatic charging. Fig. S1 illustrates the different potentials associated with a conducting material in vacuum. The Volta potential is the potential immediately above the surface of the material and is equal to the difference between the inner and the surface potentials. A negative Volta potential can explain the observed phase shift. Fig. S2A shows the result from a numerical simulation of the 3D potential distribution above a grounded conductor with a constant potential patch on the surface. Fig.  S2B contains a plot of the integrated along z potential profile. An electron traveling along z will experience a phase shift proportional to the integrated potential (22) . Our hypothesis is that the strong irradiation by the central diffraction beam causes local changes in the properties of the carbon film that lead to changes in the inner and/or surface potentials. Such changes will lead to a local modification of the Volta potential, which in turn will cause a phase shift. A variation of the inner potential will also cause a phase shift difference within the film, but because the film thickness is very small compared with the 3D potential distribution above and below the film, the effect will be negligible compared with that of the Volta potential (the phase shift is proportional to the path integrated potential). The curve in Fig.  S2B shows that the phase shift is highly localized and thus will not influence and cause deformation to the CTF outside the central potential patch. The size of the 3D distribution scales linearly with the size of the patch, so the phase shift will also be linearly proportional to the patch size, e.g., keeping the potential constant a twofold bigger patch will produce twice the phase shift. It must be noted that, unlike the beam-induced charging models (21, 22) , in the Volta potential model the net charge of the film is zero and the potential change is a result of changes in the surface and/or inner potentials.
The BIPS Is Responsible for the Aging of ZPPs. The evolution of the "on-plane" (25-nm beam) BIPS curves in Fig. 1A with time clearly illustrates the aging behavior of amorphous carbon. On day 1 after installation into the microscope (black squares), there was very little negative phase shift. After a week (blue circles), the phase shift had changed its sign and increased. The subsequent tests show that, with time, the BIPS behavior stabilizes. This closely matches and can explain the aging behavior of ZPPs, whereas in the first few days the phase shift is solely caused by the inner potential within the film after which an additional parasitic phase shift develops around the central hole probably due to Volta potential effects.
Effect of Temperature on the BIPS. Fig. 1B shows BIPS measurements at different temperatures. The curves indicate that increasing the film temperature reduces the BIPS. These results suggest that temperature can in principle be used to control the phase shift albeit within a limited range. beam current was varied by changing the spot size setting of the microscope. Apart from small deviations, the curves indicate that the BIPS is a function of the total dose and does not depend noticeably on the dose rate. It must be noted that, at the lower beam currents (0.5 and 0.25 nA), the beam diameter on the film was smaller than the beam diameter of the 1-nA beam, but this did not produce a significant change in the behavior of the BIPS.
The Buildup of BIPS Contains at Least Two Components. Good fits (solid lines) of the BIPS data in Fig. 1 A and B could be obtained with a function comprising the sum of two asymptotic exponents suggesting that there are at least two processes involved (Double Asymptotic Exponent Fits of the BIPS Data). The first process has a small characteristic dose of a few nanocoulombs and is responsible for the steep rise of the phase shift in the beginning. The second process governs the slow gradual increase of the phase shift after the first process. The results of the fits are presented in Tables S1 and S2 .
Relaxation Behavior of Phase Shift Patches on Heated Amorphous
Carbon Films. The phase shift patches created by the beam can be observed in a low-magnification mode if sufficient defocus is applied (a few millimeters underfocus). Fig. 2 shows lowmagnification images of 1-μm-diameter beam spots on the carbon film. Beam-created spots have been reported in the past and are known as the "Berriman effect" (23) . The Berriman effect is related to beam-induced charging and the spots appear darker than the background. The spots in Fig. 2 are brighter than the background, which is another confirmation that the BIPS has an opposite sign to and is not due to beam-induced charging. Fig. 2 A and B contains images of a beam spot (white arrow) with 15-mm underfocus and in-focus, respectively. The spot is not visible in the in-focus image (Fig. 2B) , which confirms that the effect is purely due to phase shift and not due to beam-induced etching of the film. (Fig. 2C ) was taken immediately after creating the beam spot. The second one (Fig. 2D ) was taken 5 d later. The beam spot had disappeared after 5 d, suggesting that the film properties recover after a period. Furthermore, Fig. 2E shows an image of a freshly created beam spot (white arrow) next to beam spots created more than 10 d earlier (black arrows). The old beam spots have not just recovered but also show a slight overshoot in a sense that they are slightly darker than the surroundings. This suggests that, in the long term, the changes induced by electron irradiation result in a slightly different state of the film with a phase shift marginally higher than the original one. The contrast of the darker spots is less than 1/10 of the contrast of the freshly created spot, which means that the overshoot in terms of phase shift is ∼π/20 (assuming the original spot was π/2). Such a phase shift will not produce a noticeable CTF distortion if an old spot happens to be in the vicinity of the central beam.
The Recovery Speed of Phase Shift Patches Is Temperature Independent but Is Influenced by Residual Gas Concentration. The long-term behavior of beam-created spots is shown in Fig. 3 . The results are quite surprising in that the recovery time of the phase shift patches does not seem to depend on the temperature of the film. One would expect that a higher temperature will speed up the recovery process but that is not the case. Unlike temperature, the use or not use of the liquid nitrogen-cooled anticontamination device (ACD) of the microscope had a significant impact on the recovery speed. Using the ACD slowed down the process ∼1.4 times. This suggests that residual gases in the vacuum, such as water, vacuum oils, etc., play an important role in the recovery process. This also provides an indirect indication that the BIPS is probably due to changes in surface chemistry rather than changes inside the bulk film. The solid curves in Fig. 3 are double-exponential decay fits of the 225°C data. With the ACD OFF, the two time constants are 47 and 1,180 min. With the ACD ON, both constants increase ∼1.4 times to 65 and 1,650 min. It is not clear whether the two recovery time constants are related to the two components of the phase shift buildup.
A Surface Chemistry Hypothesis About the Volta Potential and the BIPS. The most interesting question concerning the BIPS is about the mechanism underlying it. The experimental facts suggest that it is not beam-induced electrostatic charging. An obvious explanation would be beam-induced etching of the film, but the images in Fig. 2 A and B disprove that. The strong dependence of the beam spot recovery time on the use or not of the ACD (Fig. 3) indicates that most probably the phenomenon is related to the surface chemistry of the film. Our hypothesis is that beam irradiation causes local desorption of the chemisorbed species, which leads to a local change in the work function and thus the Volta potential. The negative sign of the observed Volta potential indicates that the work function in the irradiated area is lower than in the surroundings. Oxidation of graphene (24) and carbon nanotubes (25) can significantly increase (up to 60%) their work functions, and thus an oxidized equilibrium state outside the central beam area in combination with a local beaminduced reduction are a good candidate for explaining the observed lowering of the work function at the beam spot. The lack of dependence of the recovery speed on the temperature of the phase plate is rather puzzling and cannot be explained by a simple adsorption model. In general, the adsorption rate is proportional to the bombardment rate of gas molecules on the surface and to the sticking probability. The bombardment rate is a function of the gas temperature and pressure and is thus affected mainly by the ACD. On the other hand, the sticking probability should be affected by the temperature of the film, but the experimental data show no such effect. Based on the limited data, we can only conclude that in microscopes with good vacuum and/or with large cryoshields beam-created spots will take longer to recover.
The "development" of the BIPS with time (Fig. 1A ) and the aging of the ZPP in the first week after installation suggest that the initial state of the film surface is different from the equilibrium state. It takes about a week for the carbon film to transition from its initial state after preparation to its equilibrium state inside the microscope possibly due to a change in the chemical composition of the surface.
The dynamics of BIPS buildup indicate that there are at least two characteristic processes involved-one fast and one slow (Double Asymptotic Exponent Fits of the BIPS Data). This can be explained by another hypothesis-the fast process is the surface transition at the central beam spot where the current density is very high followed by a second process of gradual enlargement of the surface potential patch. The enlargement could be due to lowangle scattered electrons from the specimen and/or secondary/ auger electrons emitted from the central beam spot on the phase plate reacting and modifying the surface around the central spot.
Without additional experimental evidence from other analytical methods, we can only speculate about the exact physics or chemistry behind the observed behavior of the carbon film. Techniques such as tip-enhanced Raman spectroscopy, Kelvin probe force microscopy, high-resolution electron energy loss spectroscopy, or X-ray photoelectron spectroscopy may be able to provide the necessary information. However, observations will be quite challenging because the specimen is in the form of a very thin free-standing film that must be kept heated in a vacuum for several days before it reaches the equilibrium state showing the Volta potential effect.
The BIPS of Heated Amorphous Carbon Films Is Suitable for a Phase
Plate. As shown by the curves in Fig. 1 , the phase shift has the proper sign, with the central beam experiencing phase advance, and the proper magnitude of approximately π/2. This makes it suitable for a phase plate-the VPP. Before its use, a phaseshifting spot must be created by preirradiation with the central diffraction beam for a period. The necessary time to reach a desired phase shift with a given beam current can be calculated from the data in Fig. 1C. CTF Performance of the VPP. The fast Fourier transforms (FFTs) of high-magnification images of a thin amorphous carbon film specimen taken without and with a VPP are shown side by side in Fig. 4A . The CTFs show a very good complementary match with a phase shift close to π/2 and no distortions in the phase plate CTF. Fig. 4B shows rotationally averaged and background normalized profiles of the FFTs in Fig. 4A . CTF fits of both profiles are shown with thin black lines and are difficult to see because for the most part they overlap with the experimental data, indicating a good fit. The CTF model for the VPP image included phase shift as an additional parameter. The fitted defocus values were 487 nm without VPP and 482 nm with VPP, both underfocus. The practically negligible defocus difference of 5 nm confirms that the VPP does not suffer from beam-induced charging and its consequent CTF deformation. The fit of the VPP CTF gave a phase shift value of 0.54π, which is very close to the ideal π/2. The curves and the fits also indicated that the signal Fig. 3 . Long-term behavior of beam-created spots on amorphous carbon film. The average intensity of a 0.5-μm beam spot was measured relative to the background and then normalized by the original spot intensity. All spots were created at 225°C after which the temperature was set to the indicated in the legend temperature for each measurement. The legend also indicates whether the anticontamination device (ACD) was used (ON) or not (OFF) during the relaxation period. with a VPP is ∼18% less than the signal without a phase plate. This value is higher than what would be expected based on scattering by the phase plate film. The total mean free path of amorphous carbon for 200-kV electrons is ∼92 nm (17) . A 12-nm-thick film will thus scatter ∼12% of the incident electrons. Without a specimen, we measured a 7% drop in beam intensity when the phase plate was inserted. This drop is mainly due to elastic scattering by the phase plate because of the higher scattering angles for elastic events. The higher than expected signal loss of ∼18% is probably a combination of several factors. The first one is the increase of the noise background due to inelastic scattering by the phase plate. A second noise source is the "phase noise" due to roughness of the phase plate film, but this is a minor effect: 10% roughness of a 12-nm-thick film is 1.2 nm valley to peak and will result in ∼0.02π phase modulation, which is practically negligible. A third factor with the VPP is the fact that the central beam passes through the film rather than through a hole as is the case for ZPPs. Thermal noise or oscillations of the Volta potential at the position of the central beam could be contributing to the noise in the image, but without additional experimental evidence it is difficult to speculate about such factors.
The VPP Works Best On-Plane. Fig. S3 shows the low-frequency portions of rotationally averaged FFTs of images taken with the VPP on-plane and off-plane with the same central beam sizes (25 and 1,000 nm) as the BIPS curves in Fig. 1A . The solid arrows indicate the expected cut-on periodicities based on the beam size (from equation 3 in ref. 1). The dashed arrows point at the approximate positions of the observed cut-on periodicities. The phase shift patch of the smaller beam (dashed red arrow) is ∼11 times larger (∼285-nm patch diameter) than the beam itself (25 nm; solid red arrow), and from the simulations in Fig. S2 it must have a Volta potential of approximately −1.1 V to produce π/2 phase shift. The enlargement of the patch could be due to low-angle scattered electrons and/or secondary/auger electrons activating the area around the central beam as already discussed in the hypothesis part. The effective patch size of the large beam (dashed blue arrow) is ∼0.6 times the size of the beam (solid blue arrow), which can be explained by the fact that the phase plate is off-plane, which causes blurring of the phase shift profile in Fourier space. The curves in Fig. S3 show that using the VPP onplane provides better performance in terms of lower cut-on periodicity (dashed arrows), which will result in better contrast for largespecimen features. The curves also illustrate the soft cut-on of the VPP with the CTF raising smoothly toward the first maximum, which prevents fringing artifacts from appearing in the image. Another advantage of using the VPP on-plane is the proper phase shift of ∼π/2. When used off-plane (Fig. 1A, hollow green triangles) , the VPP produces too much phase shift, which is undesirable because it produces reduced or even inverted contrast (17) .
Heating of the Carbon Film Is Essential for the Proper Operation of the VPP. Fig. S4 shows side-by-side FFTs from BIPS series acquired with the film at 60°C. Movie S2 contains the complete series. Early in the series, a zero appears close to the center of the FFT and moves outward as the series progress. This is a typical behavior for beam-induced contamination and charging. The CTF maxima move outward, indicating that the central beam experiences phase retardation relative to the scattered beams. The retardation is caused by the increase in thickness and/or positive charging at the position of the beam. Images taken in such a regime may show overall increase in contrast, but the CTF is deformed and cannot be fitted or corrected using the standard phase-CTF model. Previous attempts with beam-created phase plates (19-21) did not use heating, which led to a poor CTF performance.
The VPP Performs Better than a ZPP. A comparison between a ZPP and a VPP images of lacey carbon film is presented in Fig. 5 . The ZPP image (Fig. 5A ) has lower overall contrast than the VPP image (Fig. 5C ) and shows fringing artifacts, especially around the film edges. The image in Fig. 5B is a fringe reduction softwarefiltered (18) version of the image in Fig. 5A . The overall contrast and the fringing over the film were improved, but the fringing inside the holes remains visible. Even after software filtration the ZPP image (Fig. 5B ) cannot match the contrast and the fidelity of the VPP image (Fig. 5C ).
The VPP Is Suitable for Cryo-EM Observations. Cryo-EM images of the tip of a vitrified worm sperm flagellum (Lumbricus terrestris) are shown in Fig. 6 . The conventional image (Fig. 6A ) was acquired with a relatively high defocus of 5 μm but still has lower overall contrast than the VPP image (Fig. 6B) . The microtubules inside the flagellum are well visualized in both images (solid black arrows). However, low-density proteins on the outside and on the inside of the cell membrane (dashed black arrows) are easier to see and locate in the VPP image. The VPP image also does not exhibit defocus artifacts, such as the Fresnel fringes around the gold nanoparticles and a contaminant particle (white arrows).
Conclusions
Heated amorphous carbon films display a peculiar behavior of a negative Volta potential at the place of electron beam irradiation. This behavior is responsible for the reduced performance with age of thin film ZPPs. The newly proposed VPP uses this behavior constructively to generate a phase shift with the same sign and similar magnitude to that of a ZPP. The phase shift is created at the position of the central diffraction beam and develops with the accumulated dose. Before use, the VPP must be preconditioned by continuous irradiation on a fresh area of the film for about a minute to generate the phase shift. The VPP solves two major issues of the ZPP-the aging and the fringing. Images taken with the VPP do not show fringing artifacts but just a smooth bright halo around high-contrast edges due to the smooth onset of the phase shift. The best operation mode for the VPP is "on-plane" with the central diffraction beam crossover on the phase plate plane. In this mode, the phase shift is close to π/2 and the phase plate has the lowest possible cut-on frequency. Because the phase shift is created at the position of the beam, the VPP does not require precise alignment, which means that automation of the VPP will be much easier than other types of phase plates. Heating of the carbon film is crucial for the proper operation of the VPP. Without or with insufficient (<100°C) heating, beam-induced contamination and charging become the dominant effect, resulting in a phase shift with opposite sign to what is desired and CTF deformation. The CTF of the VPP shows an excellent agreement with the theoretical model confirming the absence of beam-induced electrostatic charging. The phase shift patches created on the VPP during use disappear after a few days, and the same areas of the phase plate can be reused. The VPP has a very long usable life and we expect that exchanges of the phase plate will only be necessary in case of an accidental physical damage to the film or dust/particulate contamination introduced when the microscope column is vented for servicing. There are still open questions that require further investigation. The exact physics and chemistry behind the negative Volta potential are unknown. Experimental evidence suggests that the effect is probably related to a chemical equilibrium between the surface of the carbon film and the residual gases in the vacuum. Another issue that must be studied further is the higher than expected signal loss with the VPP. Apart from that, the VPP promises to be a user friendly and maintenance-free solution for in-focus phase contrast imaging in TEM.
Materials and Methods
All experiments were performed on an FEI Tecnai F20 (FEI) 200-kV electron microscope equipped with an FEI Eagle 4K CCD camera. The objective aperture holder was replaced with a newly designed ceramic phase plate holder with built-in heater (Fig. S5) . The holder can accommodate one heated phase plate and two nonheated objective lens apertures, all 3 mm in diameter. The phase plates were prepared by vacuum evaporation of carbon on a freshly cleaved mica surface by a BAL-TEC MED-020 (currently Leica Microsystems) electron beam evaporator. The films were transferred onto 3-mm titanium TEM grids, Agar G2462TI (Agar Scientific), by floating off on a water surface followed by lowering of the water level to gently deposit the films onto the preimmersed grids. The thickness of the film on the prepared grids was measured to be 12 ± 1 nm by TEM observation of the film profile at a folded edge (12) .
The BIPS series method for characterization of the performance of thin films as phase plate candidates was as follows. The film under investigation was positioned at the back focal plane of the objective lens and heated to ∼200°C. The spot size, the condenser aperture, and the field emission gun extraction voltage were selected to provide 1-nA beam current. The second condenser lens was adjusted for either on-plane condition (central diffraction beam crossover on the phase plate plane) or with an offset value from the on-plane condition so that the central beam spot at the back-focal plane was 1 μm in diameter (off-plane condition). The offset value (approximately −0.2% with a 50-μm condenser aperture) was initially determined by comparing the beam spot to a 1-μm FIB-prepared hole in the film. An amorphous carbon film was used as a specimen and the objective lens defocus was adjusted for the FFT of the image to show ∼10 CTF maxima (∼15-μm underfocus). The microscope magnification was 29,000×, resulting in a pixel size of 0.75 nm with one time binning on the camera. Image series were then collected from a fresh (nonirradiated) area of the film under investigation positioned at the back focal plane. The series consisted of 50 images with 2-s exposure each, which resulted in a total dose for the series of 100 nC. The rotationally averaged FFT of each image in the series was fitted with an extended CTF model, which included phase shift in addition to defocus and spherical aberration. The final result is in the form of a phase shift vs. accumulated dose curve.
